It is well established that the improvement in gas exchange that occurs with positive pressure ventilation may come at the expense of a decrease in cardiac output and oxygen delivery. Clinical observation suggests that children and infants may be more resistant than adults to the falls in cardiac output induced by positive airway pressure. The aims of this study were to quantify the effect of a sustained increase in intrathoracic pressure on cardiac output and stroke volume, and to determine whether this change is age-related. Twenty-eight children undergoing general anaesthesia were studied. Cardiac output was derived using pulsed wave Doppler techniques at four different levels of sustained positive airway pressure, and stroke volume was calculated. The relationship between airway pressure and both cardiac output and stroke volume was examined using a general linear model which included age as a continuous variable. Cardiac output decreased with increasing levels of sustained positive airway pressure (P= 0.001). The fall in SV for a given airway pressure increased with increasing age (P= 0.02). The mechanisms responsible for the increase of the magnitude of the fall in stroke volume with age remain to be elucidated.
Since mechanical ventilation was introduced in the 1940s, it has been appreciated that an increase in intrathoracic pressure is associated with a decrease in stroke volume (SV), cardiac output (CO) and arterial blood pressure. I Clinical observation suggests that children are more resistant to the adverse cardiovascular effects of raised intrathoracic pressure than adults. However, to our knowledge no data documenting this age effect exist. In this study, we investigated the effect of increasing levels of sustained positive airway pressure (SPAP) in the paediatric age range to demonstrate: 1. whether SV and CO decrease with increasing SPAP, and 2. whether this effect becomes more marked with increasing age.
METHODS

Patient selection
Twenty-eight children with no overt pulmonary or cardiovascular disease, aged between 7 weeks and 13.4 years, were studied, all age groups being adequately represented. All children were undergoing routine surgery at Princess Margaret Hospital for Children, Perth, Western Australia. Only those children who required tracheal intubation and mechanical ventilation with neuromuscular blockade were selected for study. Informed parental consent was obtained in all cases. Approval for this study was granted by the institutional Research and Ethics Sub-committee.
Study protocol
Preoperatively, each child's height and weight were measured, and body surface area derived from a standard nomogram. The diameter of the aortic annulus was estimated using body surface area from a nomogram. 2 An anaesthetic circuit (Jackson Rees modification of the Ayre's T-piece) was modified to include a pressure gauge immediately distal to the fresh gas flow inlet. After induction of anaesthesia with thiopentone, and tracheal intubation facilitated by either suxamethonium (n = 7) or a nondepolarising neuromuscular blocker (n =21), a ribbon gauze throat pack was inserted to eliminate any significant leak around the uncuffed endotracheal tube. All children subsequently received a nondepolarising neuromuscular blocking agent and halothane or enflurane, and all except two children undergoing brief procedures were given an opiate analgesic.
Cardiac output was derived using a Ving-Med SO-lOO Doppler unit in pulsed mode. This unit provides a beat-by-beat estimate of cardiac output by measuring maximum blood velocity at the level of the aortic annulus and integrating, using aortic annulus diameter, AnaeSlhesiaand InlensiveCare, Vol. 22, No. I, February, 1994 to calculate the volume of blood ejected during each cardiac cycle. J This is multiplied by heart rate to provide cardiac output using a 4.5-second weighted average of the SV.
Subjects were hand-ventilated using 50% oxygen in 50070 nitrous oxide while the Ving-Med transducer was positioned over the sternal notch, electrode gel enhancing the contact between the transducer and the skin. The sampling depth was adjusted until sampling occurred just distal to the aortic valve, and the angle of the transducer was adjusted until the maximum value of cardiac output was obtained. The Doppler waveform, the heart rate and the CO were displayed on the video screen so that constancy of the measurement could be ensured.
The anaesthetist was then asked to apply sustained positive pressure to the anaesthetic circuit by compression of the reservoir bag such that a steady level was maintained. Four levels of SPAP (0, 5, 10 and 15 cm H20) were applied in random order, the operator assessing cardiac output being blind to the level of SPAP being applied. The estimated value of cardiac output was recorded after 20 seconds, the Ving-Med unit providing a hard copy of the data. Normal hand-ventilation was then resumed for one minute. The procedure was repeated for all four levels of SPAP.
Data analysis
Stroke volume was calculated from cardiac output by dividing by instantaneous heart rate. All values of cardiac output and stroke volume were expressed as per cent of baseline (0 cmH20). The relationship between airway pressure and the fall in both cardiac output and stroke volume were examined using analysis of variance. The effect of age on these falls was examined using a general linear model (Minitab), which included applied airway pressure and age as a continuous variable.
RESULTS
The derived values of CO and SV at applied pressures of 0, 5, 10 and 15 cm H20 are shown in Table 1 . Fall in SV for the group as a whole averaged 3.7070 at an applied pressure of 5 cmH20, 6.7070 at 10 cmH20 and 15.9070 at 15 cmH20. There were significant falls in both CO (P=O.OOI) and SV (P=O.OOl) with increasing airway pressure. The per cent fall from baseline in stroke volume at applied pressures of 5, 10 and 15 cmH20 against age is shown in Figure 1 .
There was a trend for the fall in cardiac output with SPAP to be more marked with increasing age (P=O.06). When the analysis was repeated using stroke volume, statistical significance was achieved (P=0.02). 
DISCUSSION
We have demonstrated that in children with normal hearts and lungs studied under general anaesthesia, SV and CO both fall with increasing levels of sustained positive airway pressure, and that the decrement increases with increasing age. The magnitude of these falls was considerable, even in the youngest children.
The use of pulsed-wave Doppler for the assessment of CO has been widely validated. 3 This method has considerable advantages over other methods such as dye-dilution and thermodilution in that both continuous recordings and repeated measurements are possible, and an indwelling central venous catheter is not necessary.
Cardiac output assessment using pulsed-wave Doppler has previously been validated by comparison with measurements made in the same subjects using the thermodilution technique,3 and the best correlation was obtained when measurement of the internal diameter of the aorta was made at the level of the aortic annulus. As in this study all analyses used intra-subject comparisons, we did not measure the aortic annulus diameter directly, but instead derived values from a nomogram. 2 The conditions under which the studies reported here were performed differed from those that would be found in the majority of clinical settings in two ways: the children had normal cardiovascular and respiratory systems; and positive airway pressure was applied continuously for short periods of time rather than intermittently for extended periods as in positive 
pressure ventilation with PEEP. We were not able to esimate CO during intermittent positive pressure ventilation, although this would have been more clinically relevant, because the Ving-Med Doppler unit is not capable of assessing phasic changes, using as it does a 4.5-second weighted average of stroke volume. In addition, flow of air through the trachea produces an artifact when making measurements at the sternal notch. Instead, therefore, we chose to assess CO and SV during sustained positive airway pressure. Despite relatively low mean airway pressures compared with those which would be found during conventional ventilation with PEEP, the falls we demonstrated were of a magnitude to be clinically significant, SV falling an average of 3.7070, 6.7070 and 15.9070 at SPAP of 5, 10 and 15 cmH20 respectively. We are unable to predict from these data whether the changes in SV in children with abnormal hearts and lungs would be of a similar magnitude.
When SPAP was applied to the airway, CO decreased within seconds, and the chosen time period of 20 seconds was sufficiently long to ensure that CO was no longer falling when measurements were made. MacDonnell et al. 10 demonstrated significant falls in CO after "inflation holds" of as little as 0.8 to 2.0 seconds. Adequate data are available from both human and animal studies to demonstrate that similar falls in CO occur during PEEP administered during positive pressure ventilation.4,II
The subjects studied were not a uniform group; they were heterogeneous with respect to size, and to the -- FIGURE I: Per cent fall in stroke volume (shown as line of best fit) against age at sustained airway pressures of 5 cmH20, 10 CmH20 and 15 cmH20, anaesthetic agents administered. However, as a steady state was maintained over the course of each study period, each patient was able to act as his/her own control for the purposes of data analysis. That SV and CO fell with increasing airway pressure was not surprising, as there is no reason to believe that the basic underlying physiology responsible for these cardiopulmonary interactions would be different in children from that in adults. However, a review of the literature shows that the mechanisms responsible are poorly understood. It was thought that the application of increased airway pressure led to a rise in intrathoracic pressure and increased resistance to systemic venous return. Right ventricular filling pressure is thereby lowered, causing a fall in CO. However, work on animal models has suggested that an impairment in ventricular performance leading to a fall in SV without a reduction in ventricular filling pressure may be a more important factor. 4';
Positive pressure ventilation raises right and left atrial pressure, but the extent of this rise in comparison to the intrathoracic pressure is critical. If atrial pressure rises less than intrathoracic (extracardiac) pressure, then the ventricular filling pressures fall. However, if the atrial pressures were to rise by a degree equal to, or greater than, the rise in intrathoracic pressure, then ventricular filling should be adequate and reduced filling could not be the cause of the fall in CO.
That increased airway pressure can exert a direct effect on ventricular performance has been demonstrated by a series of elegant animal experiments. In anaesthetised ventilated dogs, left atrial pressures during PEEP have been shown to be elevated or unchanged compared to baseline levels. Cassidy et al. 4 found that right and left atrial transmural pressures were well maintained during PPV with 15 cmH20 PEEP, and Jardin et al. 6 demonstrated that, in ventilated adults, CO remained depressed during PPV with PEEP despite having ensured that right and left ventricular filling pressures returned to normal using blood-volume expansion. Therefore the fall in CO observed is unlikely to be simply the result of a decrease in venous return. These authors suggested that the persistence of a reduced CO despite normal ventricular filling pressures could be mediated through one or more of the following measures: increased afterload, depressed con tractility, or altered left ventricular compliance. A depression of ventricular function of reflex origin is supported by the observation from our own work, as well as that of others,4 that heart rate does not change despite falls in CO of up to 36070 of baseline even in subjects who have not received atropine as premedication. This failure of the heart rate to rise as CO and SV fall during increased airway pressure Anaesthesia and Intensive Care. Vol. 22, No. I, February, 1994 could be due to inhibition of myocardial sympathetic stimulation.' Other possible mechanisms that have been proposed to explain depressed cardiac function during PPV with PEEP include the release of a negative inotropic agent secondary to lung inflation' and the interference of PEEP with regional subendocardial blood flow. ' The role of neural mechanisms has been further investigated by Scharf et al.,9 who demonstrated that, after vagotomy, PEEP still caused an adverse effect on left ventricular performance. As a consequence, Robotham et al. 5 have attempted to both separate the effect of PEEP on systemic venous return from direct effects on ventricular performance by returning the SV during PEEP to baseline levels using plasma expanders, and to minimise neural reflex components by vagotomy and iJ-adrenergic blockade. They found no consistent change in the right transmural ventricular filling pressure and suggested that there are two mechanisms which might counteract any trend towards a decrease in systemic venous return: an increase in the pulmonary vascular resistance due to the increased lung volume; and the direct compression of the heart by the hyperinflated lungs. Their findings support the view that the reduction in ventricular function is due not to a neuronal but to a mechanical heart-lung interaction. One possible mechanism by which these interactions might come into play has been described by lardin et al.,6 who found that, in ventilated adults, the radius of the interventricular septal curvature decreased at the end of both diastole and systole, implying a leftwards shift of the septum, a factor which could decrease CO by restricting left ventricular filling.
While the mechanisms underlying the fall in CO with PEEP remain ill determined, it is difficult to hypothesise what the mechanisms responsible for the effect of age on this fall might be. There may exist a difference in the proportion of the applied PEEP which is transmitted through to the left atrium with age due to changing left-atrial compliance with age. Alternatively, in older children, venous return to the left atrium may be reduced to a greater extent than in younger children due to a greater increase in pulmonary vascular resistance. In addition, increased left ventricular afterload due to increased systemic resistance could reduce CO without a reduction in venous return to the left atrium.
Currently, there exists little data regarding the pressure changes occurring in the left atrium and pulmonary arteries and the alteration in systemic and pulmonary vascular resistance which results from the application of positive airways pressure in children. Further studies on both children with normal and abnormal hearts and lungs are needed to provide information which may enable us to identify the mechanisms responsible for our current findings.
